
AN APPLICATION OF HIRSCHFELDER-SILBEY PERTURBATION THEORY 

TO THE H2+ ION: A CRITICISM OF AND CORRECTION TO WIS-TCI-lSO*(NCC 37904) --- - -_ 
by 

Paul A. Westhaus 

Theoretical Chemistry Institute, University of Wisconsin 
Madison, Wisconsin 

* 
This research was supported by the National Aeronautics 
and Space Administration Grant NsG-275-62. 



f 
h 

Herein we repor t  an e r r o r  occuring i n  WIS-TCI-180 1 by R, B, Hake, \ 

Robert J. Silbey, and Joseph 0 .  Hirschfelder i n  which the  Hirschfelder- 

Silbey perturbat ion technique is  applied through f i r s t  order t o  the  lowest 

gerade and ungerade states of t he  H -t ion. 

performed once again with the  following ideas included.. R e s u l t s  a r e  

The ca lcu la t ions  have been . 2 

l i s t e d  a t  the  end of t h i s  repor t  and ind ica t e  t h a t  t he  d i s p a r i t y  i n  agree- 

ment between our values of and eu 68) with the  corresponding 

"exact" values of PeekL is  roughly t h e  same for the  gerade as f o r  t h e  un- 

gerade state. Previously i t  was.reported t h a t  the  ungerade energy w a s  i n  

very good agreement while the  corresponding gerade energy- r e l a t i v e l y  

poor. It might now be sa id  t h a t  agreement of e p '  and e+<#) 
with t h e  values of Peek is "fa i r"  fo r  both s t a t e s ,  

'The e s s e n t i a l  idea t o  be pointed out here i s  t h a t  once the  bas i s  function8 
- 

on nucleus 9 have been chosen the corresponding states on nucleus & are 

uniquely spec i f ied  by the  ac t ion  of the  r e f l e c t i o n  operator  . (The , '\, 

nota t ion  is  t h a t  of UIS-TCI-180 and WIS-TCI-168A .) In  WIS-TCI-180 the  

phase f a c t o r  (-1) w a s  inadvertent ly  introduced by def ining the  bas i s  

funct ions on nucleus & -- once the bas i s  functions on nucleus a had already 

been chosen -- i n  terms of t he  v o n g  polar  angle. 

o r b i t a l  centered on nucleus a and spec i f ied  by t h e  quantum numbers f l  
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As shown i n  f ig .  1, an 

and 
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Fig.  1 
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4 may be written i n  terms of the Gwdin orb i ta l s  and Legendre 

polynomials as 
I 

The corresponding orbital centered on nucleus &, that ia,Y (&.I : @y (a) 
should be written as wz \ 

u4! 
, 

(&) = S&) P , i C Q S  e&) (2 ) 

Y X P  
with defined, as  i n  f i g .  1, i n  the clockwise sense,  Jn terms of 

the variable8 used i n  WIS-TCI-180, we f ind 

w 

d e ( 1 -  f h )  ~ (3) , cos e& 
l ( t e n )  

where 
1 r + r  f = +  (4) 

K - G  e s 

., --*- . . 

1 



Aa a matter of fact, however, with the orbitals on defined 

as in (l), the orbitals centered on nucleus & were defined as 

. 
where 

Clearly we have that 

which consequently leads to ’ 

, \  

whence the erroneoue phase Factor. 

Indeed, such an error in defining the phase will have a serious 

effect upon the matrix elements to be computed for the calculation. Con- 

sider, for example, the overlap’ integral ( ~ ~ Q I Y  tie,). m e  __ 
21 

“angular dependences’’ of the functions Vai(Q) and Val”) are 
shown in figs. 2a and 2b respectively. 

normalized, in the limit that the molecular bond length 

Now, since the’functions are 

f?. approaches 

zero, the overlap integral should approach minus one. 

formula 3 of the appendix of’WIS-TCI-180 that, because of the erroneous 

One may check from 



.. . - . _. . .. . . . .- 

phase factor ,  t he  overlap i n t e g r a l  

plus one i n  the l i m i t  t h a t  the bond length reaches zero. 

consis tencies  were discovered i n  o ther  formulas and were t raced t o  t h e  

phase f ac to r  (-1) . 

Similar  in-  

4 

The o r b i t a l s  centered on nucleus and defined Correctly as i n  

(2) were inser ted  i n t o  the  Program H2PLUS const&ucted by R. Hake. It 

i s  a very beaut i fu l  program, and extremely easy t o  correc t .  

insure  the  cor rec t  phase associated with the  o r b i t a l s  centered on fi 
In  f a c t  t o  -- - 

. .  

. .  
. . -  

I 

only one card i n  t h e  e n t i r e  program need be changed, I n  the  subroutine 

ALL the  statement 

121 

should read 

ZBe values of the  newly computed matr ix  elements were found t o  agree with . \ 

c + 
those calculated v i a  another program being constructed BO a t t a c k  the  H2 

problem via Hirschfelder-Silbey per turbat ion theory. Much of t he  work on 

the  la t ter  program was done by Mr8, Wanda Gieee. 

I 

Fig. 2a Fig. 2b 



S.n rerunning the HZPLUS Program another mistake was discovered in 

the main program. The card 

S l y  = 614 t AS* 06 
should in fact read 

619 = 819 t A 2 . * ( B 2 5 + 6 6 ) .  
This card is involved in the evaluation of the quantity <q"'l$] & t 9 > 
The change reflects the inequivalence of the matrix elements <Qcd1\/, lv IQ)) 

and < &'*I vq IyCb)> which was assumed by use of the original 
WCt 

'CrQ 
statement. 

To conclude, we note that WIS-TCI-180 would read correctly if, 

on p. 10 

- (pl-1)  
( 5 - x )  

C O S Q &  - 

0 -h 1 
e W'1) 

would be replaced by 

c o s 9  = 
s't c u* f and in formulas No. 3 and No. 9 in the appendix the quantity (-1) 

I 

' .  

\ . 

s't u' were (-1) In formula No. 9 there is apparently a printing 

error which did not carry over into the computations:! (~+p-p-s+"+4"+p-~+~o+ '.L 0 I) 
afiould, in fact, read (~t p-post V +  Qip~*-t*-+ up + 4). 
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